Abstract The multi-component reactive transport module CW2D has been developed to model transport and reactions of the main constituents of municipal wastewater in subsurface flow constructed wetlands and is able to describe the biochemical elimination and transformation processes for organic matter, nitrogen and phosphorus. It has been shown that simulation results match the measured data when the flow model can be calibrated well. However, there is a need to develop experimental techniques for the measurement of CW2D model parameters to increase the quality of the simulation results. Over the last years methods to characterise the microbial biocoenosis in vertical subsurface flow constructed wetlands have been developed. The paper shows measured data for microbial biomass and their comparison with simulation results using different heterotrophic lysis rate constants.
Introduction
Constructed wetlands (CWs) are still often looked at as a "black box" in which water is purified. This is although there is much experience available in constructing and operating these systems. Numerical models can provide insight into the "black box" and are therefore a means to increase the understanding of the complex processes in constructed wetland systems. Once reliable numerical models exist they can be used for evaluating and improving existing design criteria which are mainly based on rules of thumb using specific surface area requirements or simple first-order decay models (e.g. Kadlec et al., 2000) .
Many models available have focused on the description of seasonal trends (e.g. Wynn and Liehr, 2001) or using simplifications such as first-order reaction rates to describe the degradation of a substance along the flow path (Werner and Kadlec, 2000) . Rousseau (2005) developed a mechanistic reaction model for subsurface horizontal flow constructed wetlands using tanks-in-series for modelling water flow. Rousseau's model can therefore only be used for horizontal flow systems where saturated conditions occur.
The numerical model used in this study, HYDRUS-2D/CW2D (Langergraber and Š imůnek, 2006) , uses mechanistic models for both water flow and reactions. This enables modelling of both unsaturated and saturated water flow and therefore the model can be applied for subsurface vertical and horizontal flow constructed wetlands. CW2D is an extension of the variably saturated water flow and solute transport program HYDRUS-2D (Š imůnek et al., 1999) and was developed to model transport and reactions of the main constituents of municipal wastewater in subsurface flow constructed wetlands. CW2D is able to describe the biochemical elimination and transformation processes for organic matter, nitrogen and phosphorus based on the mathematical formulation introduced by Henze et al. (2000) for the IWA Activated Sludge Models (ASMs).
The experience showed that the results of multi-component reactive transport simulations with CW2D match well with measured effluent concentrations when the water flow model can be calibrated. However, there is still a need to develop methods to measure CW2D model parameters (Langergraber, 2003; Langergraber and Š imůnek, 2005) . This is required for the calibration of the reactive transport part of the model and a precondition before the model can be used for evaluating design criteria. A number of measurement techniques have been developed to characterise the parameters of ASMs (Vanrolleghem et al., 1999; Henze et al., 2000) . However, no experimental techniques are currently available to measure CW2D model parameters.
Over the last years methods to characterise the microbial biocoenosis in vertical subsurface flow constructed wetlands have been developed (Tietz et al., 2007) . This paper shows how the measured data have been converted into parameters that can be used to compare the measured values with simulation results of CW2D. Simulation results with different rate constants for heterotrophic lysis are shown and compared with the measurements.
Materials and methods
The multi-component reactive transport module CW2D
The multi-component reactive transport module CW2D (Langergraber, 2001 ) was developed to describe the biochemical transformation and degradation processes in subsurface flow constructed wetlands. CW2D is incorporated into the HYDRUS-2D variably saturated water flow and solute transport program (Šimůnek et al., 1999) and considers 12 components and nine processes. The components include dissolved oxygen, organic matter (three fractions of COD with different degradability: CR, CS, CI ¼ readily, slowly biodegradable and inert COD, respectively), ammonium, nitrite, nitrate and nitrogen gas, inorganic phosphorus and heterotrophic and autotrophic microorganisms. Organic nitrogen and organic phosphorus are modelled as nutrient contents of the organic matter. The processes considered in the model are hydrolysis, mineralisation of organic matter, nitrification (modelled as a two-step process), denitrification and lysis processes for microorganisms. The mathematical structure of CW2D is based on the mathematical structure of the ASMs (Henze et al., 2000) . ASMs are based on mass balances for COD, nitrogen and phosphorus. For a detailed discussion of the CW2D module see Langergraber and Š imůnek (2005) . PSCWs have been planted with Miscanthus gigantea (6) and unplanted (2), respectively. Samples from the main layer were collected from different depths (0 -1, 1-5, 5-10, 10 -20, 20 -30, 30 -40 and 40-50 cm) and were analysed immediately for bacterial production and stored at 4 8C for analysis of microbial biomass and TOC within 10 days (Tietz et al., 2007) . Water samples were taken on a monthly basis and analysed in the laboratory of the Institute.
As CW2D is based on mass balances for COD biomass concentrations are also expressed in terms of COD. A number of methods exist to determine the COD of the microbial biomass in activated sludge systems (e.g. Bullock et al., 1996; von Münch and Pollard, 1997; Contreras et al., 2002) . However, no method exists for determining the COD of soil biomass. Therefore for the determination of microbial COD it was decided to measure the C and N content of the biomass and calculate the biomass COD using conversion factors based on stoichiometry.
A number of methods were applied to measure parameters to characterise microbial and bacterial biomass in a previous study. These methods include conversion of bacterial abundance determined by microscopic direct counts into biomass by measurement of the cell volume, fumigation-extraction for biomass-C and -N, ATP measurements for biomass-C, and substrate-induced respiration (SIR) for biomass-C (Tietz et al., 2007) .
Calculation of the theoretical biomass COD As described above, the biomass COD is calculated from the measured C and N content of the biomass. The conversion factor for microbial C and N into the COD of the biomass is derived from the reactions of the aerobic degradation of biomass.
Several chemical formulae are used to describe the composition of biomass in wastewater systems (e.g. von Münch and Pollard, 1997; Contreras et al., 2002; Sötemann et al., 2005) . For the calculation of biomass COD, a simple biomass composition (C 5 H 7 O 2 N) that is widely used for characterising biomass in activated sludge systems was chosen. It is assumed that the mineralisation of biomass occurs in two steps: at first biomass is hydrolysed and in a second step oxidised.
Using the general formula for biomass hydrolysis given by Sötemann et al. (2005) :
hydrolysis of C 5 H 7 O 2 N results in
and the oxidation of the hydrolysis product C 6 H 12 O 6 in
Summarising the two reactions results in
as also given by, for example, von Münch and Pollard (1997) . Another possibility for calculating biomass COD would be to determine biomass COD from VSS measurements using given ratios for C 5 H 7 O 2 N and C 8 H 14 O 4 N of 1.42 and 1.49 mg COD/mg VSS, respectively. However, COD/VSS ratios have been only reported to be valid for activated sludge systems and pure cultures (Contreras et al., 2002) .
Results and discussion

Measured microbial and bacterial biomass
Mean values and standard deviations for measured C and N content of the biomass in different depths of the main layer as reported by Tietz et al. (2007) are shown in Table 1 . For all parameters characterising the biomass a similar decrease via depth in the vertical flow bed could be observed. There was no statistically significant difference between planted and unplanted PSCWs. Most of the biomass could be found in the top 10 cm of the main layer; the biomass concentrations measured in depths from 10 to 50 cm are very small. Table 2 shows the calculated biomass COD figures using the measured data from Table 1 and the biomass composition C 5 H 7 O 2 N. In the first centimetre of the main layer the mean values range from 3,400 to 5,100 mg COD/g DW, from 1 to 5 cm 1,100 to 2,600 mg COD/g DW, and from 5 to 10 cm 640 to 1,400 mg COD/g DW, respectively. Biomass COD calculated from C fumigation measurements resulted in the lowest values. No significant difference could be found when comparing the calculations using biomass measurements that are based on different methods (Figure 1 ).
Calculated biomass COD
Model set-up
To reduce the simulation time only a part of the PSCW cross section was considered for the numerical simulations. The width of the transport domain was 20 cm and its depth 50 cm (the depth of the main layer), while the transport domain itself was discretised into three columns and 25 rows. This results in a two-dimensional finite element mesh consisting of 75 nodes and 96 triangular finite elements. An atmospheric boundary condition was assigned to the top of the system representing the influent distribution system, and a constant pressure head boundary condition (constant head of 2 2 cm) to the bottom of the main layer. Parameters for the flow model, i.e. the parameters to describe the unsaturated hydraulic properties of the main layer, have been taken from Mollner (2005) .
Simulation results
Heterotrophic organisms are the majority of the microbial community and therefore represent the main component of the total microbial biomass. Simulations have been carried out for different rate constants b H for lysis of heterotrophic microorganisms. Lysis represents the sum of all decay and sink processes, and produces organic matter (CS, CR and CI) as well as nutrients incorporated in the biomass (ammonium and inorganic phosphorus). The values for other rate constants of CW2D (as defined in Langergraber (2001)) have been kept constant: the maximum heterotrophic aerobic growth rate on CR was 2.4/d, the maximum denitrification rate was 1.9/d, the maximum autotrophic aerobic growth rate on NH 4 þ was 0.36/d, the maximum autotrophic aerobic growth rate on NO 2 2 was 0.40/d, and the autotrophic rate constant for lysis was 0.036/d. The influent concentrations used for the simulations are shown in Table 3 and that also shows the effluent concentrations for simulations with different rate constant for lysis of heterotrophic microorganisms. The effluent concentrations are median values of the last five days of a simulation time of 200 days. Steady-state conditions could be reached after this period. With increasing b H values the COD effluent is increasing due to more decay processes of biomass resulting in CS and CI, respectively. Effluent concentrations of ammonia and nitrite nitrogen are not affected by different b H values whereas nitrate nitrogen concentrations change due to different availability of readily biodegradable organic matter that is required for denitrification. Table 4 shows the simulated microbial biomass COD in different depths of the main layer for different heterotrophic lysis rates. With increasing b H the microbial biomass COD decreases. Using heterotrophic lysis rates between 0.25 and 0.35/d results in microbial biomass COD between 5,600 and 3,400 mg COD/g DW for the first cm of the main layer. These values are in the range of the measured values (Table 2) . Table 5 shows the simulated composition of the microbial biomass COD for b H ¼ 0.30/d. As expected the main contribution to the microbial biomass COD comes from heterotrophic organisms (more than 90% in the top layers). only the calculated values from substrate induced respiration (SIR) are shown. The simulations overpredict biomass COD in 1 -5 cm depth and underpredict biomass COD in 5-10 cm depth. This indicates that it might be necessary to include the influence of biomass growth (and volume) on the hydraulic flow properties of the sandy substrate. Biomass growth leads to reduced pore volume and therefore flow velocities are reduced resulting in longer contact times between the biomass and the wastewater consituents and therefore in higher degradation of organic matter in the upper 1 cm. Finally, less organic matter is available in deeper zones of the main layer resulting in reduced biomass growth in the 1 -5 cm depth.
Summary and conclusions
This paper shows how measured data for microbial biomass in vertical subsurface flow constructed wetlands have been used to calculate biomass COD values needed for comparison with numerical simulations using the multi-component reactive transport module CW2D. Simulated microbial biomass COD in the first centimetre of the main layer are between 5,600 and 3,400 mg COD/g DW (the range of the measured values) when using heterotrophic lysis rates between 0.25 and 0.35/d. When comparing measured and simulated biomass COD in different depths of the main layer simulations seem to overpredict biomass COD in the 1-5 cm depth and underpredict biomass COD in the 5-10 cm depth. This could be an indication that the influence of biomass growth on the hydraulic properties has to be modelled as well. However, up to now this is not possible with the HYDRUS-2D/CW2D software package.
